Abstract Heat shock protein 25 (Hsp25) phosphorylation plays a protective role following mechanical stress in skeletal muscle fibers. We previously reported that phosphorylation at serine 15 of Hsp25 (p-Ser15) was enhanced during regrowth of muscle fibers in rats with muscle atrophy due to tail suspension. However, it is still unclear how p-Ser15 contributes to myogenesis and regeneration of skeletal muscle fibers. We performed the present study to investigate pSer15 levels at different stages of myogenic differentiation in regenerating soleus muscle fibers of adult rats. Muscle regeneration was induced by muscle injury with intramuscular injection of cardiotoxin into the soleus. On day 14 after injury, p-Ser15-positive cells were noted in the regenerating soleus. The nuclei in small p-Ser15-positive cells contained myogenin, but not Pax7. Most of these cells did not exhibit peripheral localization of dystrophin, indicating that these cells were myotubes or immature fibers. Desmin and actinin were present in all cells and fibers regardless of p-Ser15 expression. Forced contraction by nerve stimulation led to increased phosphorylation at Ser15 in the regenerating soleus, as determined by western blot. Furthermore, elevated p-Ser15 was noted particularly in small cells with cross sectional areas less than 300 µm 2 . These results suggest that small immature fibers are responsive to muscle contraction, and subsequently induce a protective response through the phosphorylation of Hsp25.
Introduction
Heat shock protein 25 (Hsp25) is abundantly expressed in slow skeletal muscles, such as the soleus and adductor longus in rats 1, 2) . Its level of expression is up and down-regulated in response to fiber hypertrophy 3, 4) and atrophy 1, 5) , respectively. Disuse-induced atrophy in the rat soleus muscle is inhibited by increased Hsp25, which suppresses MuRF-1 and atrogin-1 expression as well as NF-kB activation 6) . These observations suggest that Hsp25 plays an important role in the regulation of skeletal muscle size.
Serine 15 and 86 (Ser15 and Ser86, respectively) are the major phosphorylation sites in Hsp25 [7] [8] [9] . Koh and Escobedo 10) reported that prolonged contraction caused immediate phosphorylation at both sites in Hsp25, as well as its translocation from the soluble to insoluble fraction in mouse extensor digitorum longus muscle. Additionally, we previously reported that enhanced phosphorylation at Ser15 and increased expression of myofibrillar Hsp25 occurred in the reloaded and regenerating soleus muscles in adult rats following muscle atrophy by tail suspension 11) . Our previous study 11) further found that phosphorylated Hsp25 at Ser15 (p-Ser15) localized to the disorganized region of myofibrils and bound to desmin. Phosphorylated and translocated Hsp25 might contribute to the protection and/or re-assembly of cytoskeletal elements in response to myofibrillar damage. However, the precise role of pSer15 in myofibrils is still unclear.
The present study was carried out to test the hypothesis that, if phosphorylation is necessary to form cytoskeletal elements in myofibrils, Ser15 of Hsp25 will be phosphorylated at particular stages of muscle fiber differentiation, formation, and growth. Therefore, muscle degeneration was spontaneously induced by intramuscular injection of cardiotoxin (CTX) in the soleus muscle of adult rats to observe muscle regeneration.
Materials and Methods
All experimental procedures were conducted in accordance with the Physiological Society of Japan Guide for the Care and Use of Laboratory Animals. The study was *Present address: Graduate School of Health Sciences, Matsumoto University, 2095-1 Niimura, Matsumoto City, Nagano 390-1295, Japan *Correspondence: fuminori.kawano@matsu.ac.jp also approved by the Animal Use Committee at Graduate School of Medicine, Osaka University (approval ID: 22-071). Male Wistar Hannover rats (Nihon CREA) at an age of 14 weeks were used in experiments 1 (n=3) and 2 (n=5) of the present study. Two or three rats were housed in the same cage (28 × 45 × 20 cm height). A commercial solid diet (CE-2, Nihon CLEA) and water were supplied ad libitum. Temperature and humidity in the animal room with a 12:12 h light-dark cycle were maintained at ~23°C and ~55%, respectively.
Experiment 1: p-Ser15 expression in regenerating muscle.
Intramuscular injection of CTX into the soleus muscle of rats (n=3) was performed under anesthesia with intraperitoneal (IP) injection of sodium pentobarbital (5 mg/100 g body weight). A skin incision was made on the lateral side of the left hindlimb, and the soleus muscle was carefully exposed while keeping the nerve supply and blood flow intact. Injection with 0.03% CTX (Molecular Probes) in 0.1 M phosphate-buffered saline (PBS) was performed in both the lateral and medial regions of the soleus muscle (50 µL for each region). The right soleus was kept intact. Ambulation recovery was allowed on the floor. Both the left and right soleus muscles were sampled under anesthesia with intraperitoneal (IP) injection of sodium pentobarbital (5 mg/100 g body weight) 14 days after surgery (day 14). The muscle was cleaned of excess fat and connective tissues, pinned on a cork at an optimum length, which was observed at 90° ankle joint angle in vivo, and frozen in liquid nitrogen-cooled isopentane. The samples were stored at -80°C until analysis.
Experiment 2: Effects of nerve stimulation on phosphorylation of Hsp25. CTX injection was performed by the same procedures described in the previous section, except both the left and right soleus muscles were treated. Ambulation recovery was again allowed on the floor. After 14 days, the rats were anesthetized by intraperitoneal (IP) injection of sodium pentobarbital (5 mg/100 g body weight), a skin incision was made at the left gluteal region, and the sciatic nerve was exposed. A set of bipolar electrodes for nerve stimulation was made using tygon tubing and urethane-coated steel wires with an 80 µm diameter. A portion of tygon tubing (2 mm length × 1 mm inner diameter) was cut longitudinally, two wires were inserted 1 mm apart transversely, and the portions without insulation were placed on the inner wall of the tubing. The end of each wire was coiled and secured using glue such that the stripped portion of the wire was kept inside of the tube.
For applying mechanical stimulation to the soleus muscle, the procedures described by Koh and Escobedo 10) were modified and utilized in the present study. The left soleus muscle was carefully exposed following the removal of skin, and the Achilles tendon was cut. The soleus muscle tendon was further separated from those of other muscles (plantaris, lateral, and medial gastrocnemius). The distal tendon of the soleus muscle was clamped without any damage to the muscle fibers and nerves. The muscle was then stretched and maintained at 120% of its neutral length, which was defined as the length of the muscle when the ankle joint was at 90 degrees. Soleus muscle contraction was induced by electrical stimulation to the sciatic nerve. Square pulse (10 V for 300 ms) was applied at 0.25 Hz using an electrical stimulator (SEN-3301, Nihon Kohden) to force the soleus muscle into an isometric or eccentric contraction. Such stimulation was repeated 75 times over 5 min while keeping the muscle length as described above. Immediately after stimulation, the left and right soleus muscles were sampled, frozen, and stored following the same procedures as in experiment 1.
Hematoxylin and eosin (HE) staining and immunohistochemistry.
Cross sections from the mid portions of the soleus muscles were cut at 10 µm in a cryostat (Leica Microsystems) maintained at -20°C. HE staining was performed to check the degree and pathological stage of the regeneration process of the right and left soleus muscles in experiment 1. Cross sections were incubated in Mayer's hematoxylin (Wako) at room temperature for 20 min followed by a 5 min wash in running water. Subsequently, the cross sections were stained with 0.5% eosin (Merck) dissolved in distilled water at room temperature for 5 min followed by a 5 min wash in running water. The stained cross sections were air-dried and mounted using aqueous mounting medium (Vector Laboratories).
For immunohistochemical staining, the sections were fixed in 0.1 M phosphate buffer containing 4% paraformaldehyde for 5 min and degreased in 100% methanol for 10 min at -20°C. After washing with 0.1% triton-X 100 in PBS (TPBS), the sections were blocked in 10% donkey serum in TPBS for 20 min. The sections were then incubated overnight at 4°C with anti-p-Ser15 (Affinity Bio Reagents), anti-Pax7 (R&D), anti-myogenin (Applied Biological Materials Inc.), anti-dystrophin (LifeSpan BioSciences), anti-desmin (LifeSpan BioSciences), or antiactinin (Applied Biological Materials Inc.) antibody in TPBS containing 1% bovine serum albumin (BSA). Secondary antibody staining was performed with Alexa Fluor 488 and 594 (Molecular Probes) in TPBS containing 1% BSA for rabbit and mouse antibodies, respectively, for 4 hr. The stained sections were mounted using mounting medium with DAPI (Vector Laboratories) for microscopic analysis.
Image analysis with microscope. Images were acquired using a fluorescent microscope system (BX50, Olympus). Six regions per tissue section were randomly selected and imaged with a CCD camera (DP20, Olympus).
The fiber cross sectional area (CSA) was measured in the sections stained with antibodies for p-Ser15 and dystrophin (experiment 1) and p-Ser15 and desmin (experiment 2) using image analysis software (Image J ver. 1.44p). For analysis of the images, 319 fibers per 3 muscles for experiment 1 and at least 200 (average = 264) fibers for each muscle in experiment 2 were analyzed. Color images stained for p-Ser15 were converted into 256 gray levels. Cells with mean staining intensities greater than 100 gray levels were defined as p-Ser15-positive cells.
Western blot. The remaining muscle portions were homogenized in cytoplasm extraction buffer (250 mM sucrose, 100 mM potassium chloride, 5 mM ethylenediaminetetraacetic acid, 20 mM Tris, 50 mM sodium fluoride, and 1 mM sodium vanadate, pH 6.8) using a glass homogenizer cooled to 4°C. The homogenate was centrifuged at 1,200 × g for 10 min at 4°C, and the supernatant containing the cytoplasmic protein-rich fraction was stored at -80°C until analysis.
The cytoplasmic extract of the soleus muscle was diluted in one volume of 2X SDS sample buffer (20% glycerol, 12% 2-mercaptoethanol, 4% SDS, 100 mM Tris-HCl, and 0.05% bromophenol blue, pH 6.7) and adjusted to the final concentration of 0.1 µg protein per µL with 1X SDS sample buffer (10% glycerol, 6% 2-mercaptoethanol, 2% SDS, 50 mM Tris-HCl, and 0.025% bromophenol blue, pH 6.7). SDS-PAGE was carried out on a 1.5 mm thick, 10% polyacrylamide slab gel at a constant current of 20 mA per gel for ~1 hr at 4°C. Equal amounts of protein (1 µg/10 µL) were loaded per lane.
After SDS-PAGE, proteins were transferred to polyvinylidene fluoride membranes (Bio-Rad) using a transblot cell (Bio-Rad) at a constant voltage of 60 V for 2 hr at 4 °C. After transfer, the membranes were blocked in blocking buffer (5% non-fat dry milk diluted in 0.1% Tween 20 in Tris-buffered saline) for 1 hr. The membranes were incubated overnight at 4 °C with anti-total Hsp25 (Stressgen), anti-p-Ser15 (Affinity Bio Reagents), anti-phosphorylated Hsp25 at Ser86 (p-Ser86, Abcam), or anti-glyceraldehyde-3-phosphate dehydrogenase (Gapdh, EMD Millipore) antibody diluted in 0.1% Tween 20 in tris-buffered saline containing 5% BSA. Blots were then incubated with horseradish peroxidase-conjugated secondary antibody (Cell Signaling Technology) for 30 min. The antibody-bound protein was detected by a chemiluminescence method using enhanced chemiluminescence plus kit (GE Healthcare). The visualization of bands was performed using an ECL mini-camera (GE Healthcare). The exposure time was set at a constant level if the blots were labeled by the same primary antibody.
Band quantification was performed using image analysis software (Image J ver. 1.44p). The protein level was expressed as an integrated band density, which was calculated as the mean density multiplied by the band area (number of pixels).
Statistical analyses.
Fiber CSA values obtained in experiment 1 were pooled and plotted in a histogram. Significant differences in western blot data between normal and regenerating muscles in experiment 1 (Fig. 1) or between control and stimulated muscles in experiment 2 (Fig. 5) were examined by the unpaired t test. Significant differences in the fiber CSA distribution in experiment 2 ( Fig. 7) were examined using the Bonferroni/Dunn test. Differences were considered significant at or below a pvalue of 0.05.
Results and Discussion
Pathological stage of regenerating muscle on day 14. Fig. 1A shows the typical HE staining patterns of normal and regenerating soleus muscles on day 14 after CTX injection in experiment 1. The regenerated fibers with central nucleation are frequently observed, although the size of each fiber is not uniform and the widespread interstitial area still remains. Necrotic fibers were not observed at this time point. Therefore, these data indicated that muscular regeneration is progressing in this stage.
p-Ser15 expression in regenerating muscle. The expression levels of Hsp25 were determined in both the normal and regenerating muscles by western blot analysis (Fig.  1B) . The levels of both phosphorylation forms (p-Ser15 and p-Ser86) were significantly less in the regenerating muscle (−35% and −22%, respectively) compared to that in the contralateral normal muscle (Fig. 1C and D) . The level of total Hsp25 expression was also lower (−41%, p < 0.05) in the regenerating than the normal muscle (Fig.  1E ). These observations indicated that the amount of expressed Hsp25 did not reach the normal level in the crude proteins of the regenerating muscle, since muscular regeneration is not completed by day 14 after the injection of CTX.
In the immunohistochemically stained cross sections, p-Ser15-positive cells were present in the regenerating muscle 14 days after CTX injection, whereas p-Ser15 expression was not detected in the normal muscle ( Fig.  2A) . Furthermore, two typical staining patterns for pSer15 were observed in p-Ser15-positive cells (Fig. 2) . In smaller cells, p-Ser15 was distributed throughout the cytoplasm, and the nucleus, if visible, was localized in the cell center (Fig. 2B) . In larger cells, which are thought to be muscle fibers, the strongest expression of p-Ser15 was observed within the fiber (Fig. 2C) . We previously reported that p-Ser15-positive fibers were noted in the reloaded soleus muscle after the induction of atrophy in adult rats, and that this phenomenon was associated with the increased expression of p-Ser15 determined by western blot analysis 11) . Non-muscle, connective tissues largely remained in the regenerating muscle on day 14 (Fig. 1A) , which might be the main cause for the lower expression of p-Ser15, even though the p-Ser15-positive cells were clearly present in immunohistochemically stained cross sections. 
Stage of differentiation and maturation in p-Ser15-positive cells.
To determine the characteristics of p-Ser15-positive cells, we analyzed the co-expression of several myogenic markers with p-Ser15 (Fig. 3) . All p-Ser15-positive, as well as -negative, cells expressed both desmin and actinin ( Fig. 3D and E) . These results indicated that all cells with p-Ser15 expression were myogenically derived [12] [13] [14] [15] . Some nuclei stained positively for Pax7, the marker for satellite cells [16] [17] [18] , which were observed in the peripheral regions of the regenerating muscle fibers at stimulation, forced contraction was produced in the regenerating muscle (experiment 2). p-Ser15 levels were elevated (1.92-fold, p < 0.05) by forced contraction (Fig. 5A) , whereas p-Ser86 was not affected (Fig. 5B) . Total Hsp25 content was unchanged (Fig. 5C ). Hsp25 phosphorylation at Ser15 was stimulated particularly in small fibers (Fig. 6) . The frequencies of p-Ser15-positive cells were significantly increased among small cells with CSAs of ~100 µm 2 (+11.4%), ~200 µm 2 (+5.5%), and ~300 µm 2 (+1.7%) in the stimulated muscle compared to unstimulated controls (Fig. 7A , p < 0.05). Conversely, the frequency of small, p-Ser15-negative cells decreased in response to forced contraction (p > 0.05, Fig. 7B ). However, the results clearly indicated that forced contraction stimulated Ser15 phosphorylation in small fibers, which most likely represent immature muscle fibers. This observation supported our second hypothesis that Hsp25 is phosphorylated in response to external stimuli. Since p-Ser15 was not detected in many small cells, but Hsp25 phosphorylation was inducible in these cells, this also indicated that phosphorylation at Ser15 does not mark the cells as being in a specific stage of fiber regeneration.
The total distribution of p-Ser15-positive cells with CSAs of more than 400 µm 2 showed a slight increase in the stimulated muscle (1.4% vs. 3.1% in control and stimulated muscles, respectively, Fig. 7A ). However, no significant changes were observed in each fiber size. We previously reported that the fibers with strong expression of p-Ser15 were noted in the hypertrophying soleus muscle of adult rats 11) . Ser15 phosphorylation in large cells day 14 following muscle injury (Fig. 3A) . However, none of the nuclei within small, p-Ser15-positive cells were labeled with Pax7. On the contrary, all nuclei of small pSer15-positive cells were myogenin-positive (Fig. 3B) , indicating that these cells were myotubes or immature muscle fibers [19] [20] [21] . Dystrophin is a muscle-specific protein located in the sarcolemma [22] [23] [24] [25] , and its localization in the cell periphery is considered a marker of mature skeletal muscle fibers. Peripheral localization of dystrophin was seen in both p-Ser15-positive and -negative cells in the regenerating muscle on day 14 following muscle injury (Fig. 3C) . However, some small p-Ser15-positive cells (immature fibers) did not exhibit peripheral localization of dystrophin. Fig. 4 shows the percent distribution of CSAs among pSer15-positive fibers observed in experiment 1. In total, 53% of p-Ser15-positive cells did not demonstrate dystrophin localization to the cell periphery. Furthermore, the size range among cells lacking peripheral localization of dystrophin was less than 400 µm 2 . Therefore, these data again suggested that small (i.e., CSAs less than 400 µm 2 ) p-Ser15-positive cells were most likely immature fibers. Dystrophin localization to the cell periphery and fiber maturation were still ongoing in these small cells, and Hsp25 phosphorylation could have been induced during myogenesis.
Effects of forced contraction on phosphorylation of Hsp25. Based on the results of experiment 1, it was still unclear whether Hsp25 is phosphorylated 1) during a particular stage of muscle fiber maturation, or 2) in response to external stimuli, especially in small immature cells. To test whether these small cells responded to mechanical might be induced by mechanical stimulation resulting from muscle contraction. This suggests that the response of Hsp25 phosphorylation to mechanical stimulation is more sensitive in small cells than in large cells.
Conclusion
Muscle fibers with high levels of p-Ser15 were noted in the regenerating soleus muscle following CTX injection. Most of these fibers were small and showed immature hallmarks including myogenin expression and nonperipheral localization of dystrophin, but many other small cells did not exhibit p-Ser15 expression. However, Hsp25 phosphorylation at Ser15 was increased in response to muscle contraction by nerve stimulation. This result indicated that small, immature cells were responding to mechanical stress. Although the present data could not reveal the precise mechanism underlying the specific phosphorylation of Hsp25 in the small and immature cells, it is possible that these cells are undergoing a stage prior to nerve innervation, since many of these cells lack the peripheral localization of dystrophin. These immature properties might enhance the contraction-related disorganization of the myofibrils and subsequent up-regulation of the phosphorylation of Hsp25.
